Mutations causing constitutive synthesis of glutamine synthetase (GlnC-phenotype) were transferred from Klebsiella aerogenes into Klebsiella pneumoniae by P1-mediated transduction. Such GlnC -strains of K. pneumoniae have constitutive levels of glutamine synthetase. Two of three GlnC strains of K. pneumoniae studied, each containing independently isolated mutations that confer the GlnC-phenotype, continue to synthesize nitrogenase in the presence of NH4+. One strain, KP5069, produces 30% as much nitrogenase when grown in the presence of 15 mM NH4+ as in its absence. The GlnC-phenotype allows the synthesis of nitrogenase to continue under conditions that completely repress nitrogenase synthesis in the wild-type strain. Glutamine auxotrophs of K. pneumoniae, that do not produce catalytically active glutamine synthetase, are unable to synthesize nitrogenase during nitrogen limited growth. Complementation of K. pneumoniae Gln-strains by an Escherichia coli episome (F'133) simultaneously restores glutamine synthetase activity and the ability to synthesize nitrogenase. These results indicate a role for glutamine synthetase as a positive control element for nitrogen fixation in K. pneumoniae.
pneumoniae Gln-strains by an Escherichia coli episome (F'133) simultaneously restores glutamine synthetase activity and the ability to synthesize nitrogenase. These results indicate a role for glutamine synthetase as a positive control element for nitrogen fixation in K. pneumoniae.
A cluster of nitrogen fixation (nit) genes mapping near the his (histidine biosynthesis) operon on the chromosome of Klebsiella pneumoniae has recently been discovered (20) . Using deletion analysis, the nif cluster has been shown to lie between the operator end of the his operon and the shiA (shikimate permease) locus (17) . Although most point mutations in the nif region lead to the loss of nitrogenase catalytic activity there is indirect evidence that some of the regulatory sites or genes also lie in this region (3, 21) .
The synthesis of nitrogenase in Klebsiella, as well as in all other free living nitrogen fixing bacteria thus far studied, is repressed by the presence of NH4+ (21) . The levels of several other enzymes, in particular the enzymes of the histidine utilization (hut) operons and proline oxidase (the first enzyme in the utilization of proline) in K. aerogenes, have been shown to be partially controlled by NH,+ levels (15) . Re- cently, a model has been proposed in which NH,+ repression is mediated by the intracellular levels of the enzyme glutamine synthetase (11) . The ability to derepress the rate of expression of I Present address: Department of Biology, Harvard University, Cambridge, Mass. 2Present address: Department of Biology, Temple University, Philadelphia, Pa. 19122. the hut operons of K. aerogenes under conditions of nitrogen limitation is related to the level of glutamine synthetase (14) . Auxotrophs lacking glutamine synthetase (GlnA-phenotype) are unable to derepress the expression of the hut ope'rons during nitrogen limited growth, whereas mutants that synthesize active glutamine synthetase constitutively (GlnC -phenotype) are derepressed for the synthesis of the hut enzymes even in the presence of 30 mM NH4+. In vitro experiments have demonstrated that purified glutamine synthetase from K. aerogenes activates the transcription of hutspecific messenger ribonucleic acid from a transducing phage containing hut deoxyribonucleic acid (22) .
Since the response of the nif operon(s) to NH4+ is similar to that of the hut operons (21) it seemed likely that glutamine synthetase plays a role in the regulation of nitrogenase synthesis. The experiments reported here describe the effects of glutamine synthetase mutations on the synthesis of nitrogenase in K. pneumoniae.
MATERL4S AND MEHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . Although we are des- Media and cultivation of bacteria. The rich medium used was LB (15) . Derivative media for the preparation of P1 lysogens and P1 stocks have been previously described (7) . The minimal medium used for the isolation of mutants and the selection of transductants has been described (15) .
Bacteria for enzyme assays were grown in 125 ml of the sucrose minimal medium of Yoch and Pengra (25) in a 250-ml flask and were sparged with N2 at room temperature. For ammonia-supported growth, the sucrose minimal medium was supplemented with 1 mg of (NH,),SO4 per ml. Histidine as an amino acid source, aspartate (a nonrepressing source of nitrogen [25] ), or glutamine were added when appropriate at final concentrations of 30 ;&g/ml, 100 ug/ml, or 500 ug/ml, respectively. Glutamine (Calbiochem A Grade) was freshly prepared for each experiment and sterilized by filtrationr Variations in supplementation levels or medium are indicated in the tables or figure legends.
Preparation of P1 lysogens, P1 lysates, and P1-mediated transduction. Lysogens of K. aerogenes carrying the PlclrlOOKM prophage were isolated and P1 lysates were prepared by thermal induction as previously described (7) . P1-mediated transductions were performed as previously described (20) except that the multiplicity of infection was increased to 10 when K. pneumoniae strains served as recipients for phage lysates prepared on K. aerogenes strains.
Isolation of mutants. Restrictionless strains of K. pneumoniae were isolated using a modification of the procedure of Wood (24) . Phage Ah424cI.,.N.m7-N.,,,pgal. hereafter referred to as X424gal, modified by the E. coli K-12 restriction-modification system (X424gal -K) was used to transduce a mutagenized culture of Gal-K. pneumoniae strain KP1000. Gal+ transductants were examined for restriction after segregation of the X424gal plasmid. Several isolates were obtained which no longer restricted phage modified by E. coli K-12. The efficiency of plating of Ah424 -K was 107 times higher on strain KP5022, a restriction minus derivative, than on the parental strain, KP1000.
Glutamine auxotrophs of K. pneumoniae were isolated after mutagenesis by ethyl methane sulfonate and penicillin enrichment as previously described (14, 15) . Enriched cultures were appropriately diluted and spread onto LB plates and incubated for 18 h at 30 C. Glutamine auxotrophs form very small colonies on LB plates not supplemented with glutamine. Putative Gln-strains were purified by single colony isolation on LBgln plates (LB supplemented with 2 mg of gluta-mine per ml) and transferred onto minimal medium plates and scored for growth in the presence and absence of glutamine. Mutants with low reversion rates were saved and used for subsequent experiments.
Enzyme assays. Nitrogenase activity was measured in whole cells using the acetylene reduction procedure described earlier (17) . Cultures (1 ml) were grown under N, until midexponential phase of growth at 25 C in 5-ml microfemback flasks and assayed for acetylene reduction activity.
For the preparation of crude enzyme extracts, exponentially growing cells were harvested by centrifugation at 15 ,000 x for 10 min, and then resuspended in 0.025 M N-2-hydroxyethyl-piperazine-N'-2-ethylsulfonic acid sulfonate buffer, pH 7.5. The cells were ruptured by passing them through a French pressure cell at 20,000 lb/in' at 0 C. The extract was centrifuged at 20,000 x g for 15 min and the supernatant fluid was used for enzyme assays. 6-Glutamyltransferase activity of glutamine synthetase was assayed by measuring the amount of 6-glutamyl hydroxamate produced in the absence of Mg'+ at 37 C in 15 min as described by Shapiro and Stadtman (18) . The assay mixture and conditions were as described for the E. coli enzyme.
Glutamine synthase activity was determined by following the rate of nicotinamide adenine dinucleotide phosphate, reduced form oxidation at room temperature (13) . The assay mixture in a final volume of 1 ml contained 0.07 mM nicotinamide adenine dinucleotide phosphate, reduced form, 5.0 mM 2-oxoglutarate, 10.0 mM L-glutamine, and 50.0 mM N-2-hydroxyethylpiperazine-N'-2'-ethanesulfonic acid buffer, pH 7.5. The blanks contained no glutamine. Glutamate dehydrogenase activity (1) was measured in an assay mixture (1 ml) containing 0.07 mM nicotinamide adenine dinucleotide phosphate, reduced form, 10.0 mM 2-oxoglutarate, 100.0 mM NH4Cl, and 50.0 mM N-2-hydroxyethyl-piperazine-N'-2'-ethanesulfonic acid buffer, pH 7.5: NH4Cl was omitted in the blanks. a Cells were grown aerobically to 10' cells per ml in W medium (15) supplemented with 0.4% glucose; 0.2% histidine (as a source of the amino acid and to induce the hut operons); 0.02% glutamine; and where indicated (+) 0.2% ammonium sulfate. Tenfold concentrated cells were treated with hexacetyltrimethyl ammonium bromide (20 &g/ml) and assayed for histidase activity as described by Prival et al. (14) . Glutamine synthetase activity in whole cells was determined in detergent treated cells as described by DeLeo and Magasanik, J. Bacteriol., in press. the level of histidase, probably owing to an increase in catabolite repression (15) .
In two of the GlnC-recombinants, strains KP5069 and KP5078, the levels of glutamine synthetase and histidase were high and independent of exogenous NH,+ levels. In the third GlnC-strain (KP5079), the levels of both glutamine synthetase and histidase were independent of exogenous NH,+ levels, but the level of histidase was rather low. The effect of the glnA4 and glnA45 mutations on the level of glutamine synthetase found in K. pneumoniae strains is similar to that reported for these mutations in K. aerogenes strains (1, 14) . The effect of the glnA4 mutation on the level of histidase is similar in K. pneumoniae strains and K. aerogenes strains (14) . The glnA45 mutation has less of an effect on histidase synthesis in K. pneumoniae than in K. aerogenes (1) where histidase levels were found to be similar for both the glnA4 and glnA45 mutations. We conclude that mutations which confer the GlnC-phenotype in K. aerogenes function and have similar effects in K. pneumoniae.
Enzyme levels in K. pneumoniae glutamine auxotrophs. In strain KP5060 no derepression of histidase occurred during nitrogen-limited growth (Table 2) . Because K. pneumoniae fixes nitrogen only when grown anaerobically, when the level of histidase is very low (S. Streicher, unpublished data) the levels of other enzymes controlled by glutamine synthetase were determined during anaerobic growth on limiting nitrogen. In the Gln+ strains, KP1 and KP5022, glutamine synthetase, and nitrogenase were derepressed and glutamate dehydrogenase was repressed (Table 3 ). Contrary to this result, in the three GlnA-strains examined, glutamate (Fig. 1) To examine this possibility, strains KP5022 and KP5060 were grown anaerobically in the presence of varying concentrations of glutamine. Glutamine levels influenced the level of nitrogenase (Table 4) . Although increased levels of glutamine lowered the amount of nitrogenase synthesized, synthesis was not fully repressed. Strain KP5060 did not, however, synthesize any detectable nitrogenase. We conclude from these data that glutamine auxotrophs of K. pneumoniae are unable to synthesize nitrogenase because of the ginA mutations. Constitutive synthesis of nitrogenase. Strains of K. pneumoniae with the GlnC-phenotype had high levels of glutamine synthetase and low levels of glutamine dehydrogenase independently of the level of exogenous NH,+ during anaerobic growth (Table 5 ). The level of glutamate synthase was slightly lower in the GlnCstrains grown anaerobically although there was a slight elevation found in aerobic cultures. Two of the GlnC strains, KP5069 and KP5078, synthesized nitrogenase in the presence of 1 mg of (NH4),SO per ml, a condition that completely repressed nitrogenase production in Gln+ strains. Strain KP5069 produced 30% of the fully derepressed level of nitrogenase in the presence of NH,+, whereas strain KP5078 produced approximately 3%.
The effect of NH4+ concentrations on the synthesis of nitrogenase was determined for strains KP5022 and KP5069 (Fig. 2) . It can be seen that adding 0.1 mg of (NH )3SO4 per ml reduced the level of nitrogenase activity to 30% of the NH4+-free culture. The level of nitrogenase was not reduced below a level corresponding to 30% of the fully derepressed level by increasing the NH4+ concentration. Nitrogenase synthesis in strain KP5022 was fully repressed by the lowest level of ammonium sulfate used (0.1 mg/ml). Strain KP5079 produced derepressed levels of glutamine synthetase in the presence of ammonium sulfate (1 mg/ml), but nitrogenase activity was not detected. a Nitrogenase activity was assayed as in Methods. Cells were grown anaerobically in sucrose-minimal medium containing histidine, aspartate, and the levels of glutamine indicated. A 24-h-old LB culture was used for inoculation (1% inoculum). Nitrogenase activity in whole cells was measured after 15 h of incubation at room temperature.
DISOJSSION
"Activity is lower than the sensitivity of the Assay. mine synthetase, that of an activator of the hut operons. Tyler et al. (22) have demonstrated that glutamine synthetase activates the transcription of hut-specific messenger ribonucleic acid in a cell-free system.
It is particularly interesting to note that only the deadenylylated enzyme functioned as the gene activator in this system. Although no evidence has yet been presented, it seems probable that glutamine synthetase functions by binding to the promoter region of the DNA template. The possible role of glutamine synthetase as a regulator of a variety of operons concerned with NH4+ metabolism has been discussed by Magasanik et al. (11) .
In this communication, we present evidence that glutamine synthetase functions as a regulator of the nif operon(s). Glutamine-requiring auxotrophs (ginA -) that do not produce catalytically active glutamine synthetase, do not synthesize detectable nitrogenase. One interpretation of this class of mutants is that the mutation affecting the catalytic activity simultaneously destroys the regulatory properties of the enzyme. Alternatively, the mutant may produce an unstable protein which does not accumulate in the cell accounting for effects on both catalysis and regulation.
A new class of mutants that produces nitrogenase in the presence of NH4+ is described. The common features of the three GlnC -mutants examined are (i) constitutive synthesis of glutamine synthetase and (ii) the absence of glutamate dehydrogenase. The relationship between the levels of glutamine synthetase and glutamate dehydrogenase in K. pneumoniae The differential effects of the three mutations conferring the GInC -phenotype on nitrogenase synthesis can perhaps be explained by the fine structure genetic analysis of the ginA gene of K. aerogenes (S. Streicher, R. A. Bender, and B. Magasanik, J. Bacteriol., in press). Mutations conferring the GlnC-phenotype are distributed among those mutations that abolish glutamine synthetase catalytic activity. It is likely that the mutations yielding the GlnCphenotype alter the primary structure of glutamine synthetase. Since the three mutations (glnA4, glnA29, and glnA45) occur at separate sites, it may be assumed that the glutamine synthetase produced by these strains differ. It is therefore not surprising that they also differ in their ability to activate the nif operon(s). Quantitative differences in the activation of the hut operons have also been observed in different GlnC-strains of K. aerogenes (Streicher and Bender, unpublished data). The decrease in nitrogenase levels in strain KP5069 caused by the addition of NH4+ (Fig. 2) could be due to the presence of a nWf-specific NH,+ control mechanism in addition to glutamine synthetase control. Altematively, the decrease could be due to a conformational change in the mutant glutamine synthetase that alters its properties as an activator of nitrogenase synthesis in the presence of NH,+.
The experiments we have discussed suggest that nitrogen fixation in Klebsiella is regulated by glutamine synthetase. Gordon and Brill (8) have described mutant strains of Azobacter vinelandii that synthesize nitrogenase in the presence of NH4+. These mutants were isolated as revertants of pleiotrophic negative nifstrains and may contain operator-promoter mu-tations. Recently, Dunican and Tierney (5) have constructed hybrid strains of Klebsielkz and Rhizobium. These workers found that nitrogenase synthesis in these hybrid strains is repressed by NH,+. This raises the possibility of a similar system of regulation of nitrogen fixation in Klebsiella and Rhizobium. New knowledge on the mechanism of regulation of nitrogen fixation, gained from studies with Klebsiella, may contribute to the future preparation of root nodule bacteria that catalyze more efficient symbiotic nitrogen fixation.
